A Synechococcus PCC7942 gene, encoding 76 amino acids of an unknown protein (designated ORF76), is located at the same orientation and downstream of the htpG gene. The processed site of ORF76 transcripts is located at position +39 with respect to the true transcription initiation site. The non-E. colir 70 -like basal promoter of ORF76 ()51 to )9) is controlled by three cis-acting elements: positively acting element ()160 to )86), negative regulatory element ()86 to )51) and light-responsive element ()51 to +63) that, together, respond to high light induction at transcriptional level. The ORF76 gene is expressed as monocistronic transcript. The promoter elements of ORF76 gene overlap with the coding sequence and 3 0 end formation signal of htpG gene.
Introduction
Cyanobacteria are prokaryotic microorganisms that carry a complete set of genes for higher plant-like oxygenic photosynthesis [1] . More than 160 light-responsive genes have been identified in cyanobacterium Synechocystis PCC6803 [2] . However, current knowledge concerning light-responsive promoters of cyanobacteria is still limited. In Synechocystis PCC6803, the light-responsive regulators of the psbAII gene [3, 4] , psbAIII gene [4] , secA gene [5] , fedI gene [6] and random isolated promoter fragments [7] have been characterized. The light-responsive regulators of the psbAI [8] , psbAII [9, 10] , psbAIII [9] and psbDII [11] genes of Synechococcus PCC7942 have been investigated intensively.
To identify cyanobacterial promoters, distinguishing between the 5 0 end of mRNAs generated from true transcription initiation sites and those generated by processing is critically important. The tobacco acid pyrophosphatase treatment method for distinguishing 5 0 triphosphates (indicating true initiation sites) from 5 0 monophosphates (indicating processed products) has been used previously in Enterococcus faecalis [12] and Synechococcus PCC7942 [13] .
The organization of 3 0 end formation signals is especially interesting in area of the genome in which two open reading frames (ORFs) are separated by a short intergenic region, implying compact arrangement of genes in genome. Overlapping of terminator and promoter of two adjacent genes have been reported in E. coli [14, 15] and yeast [16] , but no such report in cyanobacteria.
We previously isolated a strong promoter-active fragment (designated E10), which responds to light intensity in Synechococcus PCC7942 but does not function in E. coli [17] . Here we characterized the sequences required for basal promoter function and other cis-acting regulators of the light-responsive E10 promoter. We demonstrated that the E10 promoter is the regulatory sequence of a gene designated ORF76. The genuine initiated transcript and processed transcript of ORF76 were differentiated. The ORF76 promoter-htpG terminator combination was investigated.
Materials and methods

Strains and growth conditions
Synechococcus PCC7942 strain R2-SPc (hereafter, referred to as Synechococcus) [18] was grown in liquid or on solid (1% Difco Bacto Agar) BG-11 medium [19] under low light (LL, 1500 lux, i.e. 19 lE m À2 s À1 ) or high light (HL, 5000 lux, i.e. 63 lE m À2 s À1 ). E. coli strain MC1061 [20] was grown in LB broth or on agar as previously described [21] .
Oligonucleotide sequences
Locations of primers used in deletion analysis are indicated in Fig. 1 ORF76-rev5, GGGGGGTATCGCGCAACCACACC; ORF76-rev6, CAAGGCCATCCCCGCCCGTAGG. Primers: Link, GUS-fwd, GUS2, 16S-fwd and 16S-rev2 have been reported previously [13] . The 35-mer RNA oligos and primer ESK were generated as described [13] .
Construction of E10 fragment deletion plasmids and GUS assay
Plasmid pKG-E10 containing the E10 promoter-active fragment upstream of the promoterless b-glucuronidase (GUS) reporter gene has been reported previously [17] . In order to construct the deletion plasmids, PCR was carried out using pKG-E10 or chromosomal DNA of Synechococcus as template with different sets of primers (Fig. 1) . The endonuclease digested PCR products were cloned into the corresponding sites located between the transcription-translation terminator signal and upstream of the promoterless GUS gene in plasmid vector pKGT [13] . The resulting recombinant plasmids ( Fig. 1) purified from E. coli MC1061 were transformed into Synechococcus as described [18] . GUS assay of the transformants was carried out as described previously [13] . The E10 promoter-active fragment harboring the 3 0 end of htpG gene located upstream of the promoterless GUS gene is shown. Locations of primers used in this study are indicated. The PCR products performed with different sets of primers were cloned into pKGT plasmid. The true transcription initiation site and processed site are indicated by +1T and +1P, respectively. The numbers of nucleotide are with respect to +1T. Plasmids pKG-E10, pE10-D1, pE10-D2, pE10-D3 and pE10-D4 harbor the 35 bp (+42 to +76) artifact. In plasmids pE10-N1 and pE10-N2, the 35 bp was replaced with the 22 bp (+42 to +63) located downstream of the htpG gene on the Synechococcus chromosome (see Fig. 3 ). The GUS activities of Synechococcus, harboring the plasmids and grown on solid medium under LL or HL for six days, are the means of the three independent experiments, with standard deviations indicated in parentheses. The figure is not drawn to scale.
was treated with RNase-Free DNaseI (Life Technologies) to remove contaminating DNA.
Detection of GUS and ORF76 mRNAs using relative reverse transcription (RT)-PCR
The RT-PCR method was carried out essentially as described [13] . In brief, the cDNA of GUS, ORF76 and 16S rRNA transcripts were co-synthesized from 5 lg of total RNA with primers GUS2, ORF76-rev1, 16S-rev2 and ImpromII TM reverse transcriptase (Promega, USA). The reverse transcription reaction mixture was used as a template for PCR. The PCR products were co-amplified using primers: GUS-fwd and GUS2, ORF76-fwd and ORF-rev1, for 25 cycles; primers 16S-fwd and 16S-rev2, for 10 cycles. After PCR amplification, the reaction mixture was resolved in a 3% agarose gel containing ethidium bromide. An image of the gel was captured with UVP (Life Sciences, UK).
Analysis of ORF76 transcription initiation sites
The procedure used to differentiate genuine initiated transcript from processed transcript of ORF76 was carried out essentially as described [12, 13] . In brief, 10 lg of total RNA from Synechococcus grown under standard light intensity (3500 lux, i.e. 43 lE m À2 s À1 ) was treated with tobacco acid pyrophosphatase (TAP) (Epicenter Technologies, USA) or incubated without TAP in the presence of RNasin (Promega). Then, the samples were ligated to the 35-mer RNA oligonucleotide using RNA ligase. The treated RNA was annealed with primer ORF76-rev1 and the cDNA was synthesized with SuperScriptII RNAseH-free Reverse Transcriptase (Life Technologies). First PCR was carried out with primers ORF76-rev5 and ESK. The first PCR product was then subjected to nested PCR with primers ORF76-rev6 and ESK. The nested PCR products were then cloned into pGEMT-easy vector (Promega) and the DNA sequences were determined by automated sequence analysis (Perkin-Elmer, ABI, Model 377).
Results
Sequences required for basal promoter function and other cis-acting regulators of the E10 fragment
The E10 strong promoter-active fragment in pKG-E10, isolated previously by transcriptional gene fusion to the promoterless GUS reporter gene, responds to light intensity in Synechococcus but does not function in E. coli. The GUS activity of Synechococcus harboring pKG-E10 increases about fourfold at HL induction [17] .
In order to analyze the E10 promoter region, all promoter inserts were cloned in front of the promoterless GUS reporter gene of the pKGT plasmid. The resulting plasmids and their GUS activities in Synechococcus are shown in Fig. 1 . The E10 fragment harbors the 3 0 end sequence of htpG gene (Fig. 1) . Analysis of downstream sequence of htpG gene on the Synechococcus chromosomal DNA (Figs. 1 and 3 ) revealed that the 35-bp Sau3A1 fragment at position +42 to +76 with respect to the true transcription initiation site of transcript (+1T) is an artifact from cloning of the promoter using Sau3A1 chromosomal fragments [17] . Plasmids pKG-E10, pE10-D1 (insert from )160 to +76), pE10-D2 ()132 to +76), pE10-D3 ()86 to +76) and pE10-D4 ()9 to +76) harbor the 35 bp. In plasmids pE10-N1 ()160 to +63) and pE10-N2 ()51 to +63), the 35 bp was replaced with the 22 bp (+42 to +63) of downstream sequence of htpG gene on the chromosome (Figs. 1 and 3) . The GUS activities of pKG-E10, pE10-D1 and pE10-N1 were not significantly different (Fig. 1) . The results indicated that: (i) all of information necessary for transcription and for light responsive expression is located downstream of )160; and (ii) the presence of either the 35-bp fragment or the 22-bp sequence does not significantly affect the GUS activity. A smaller fragment required for basal expression of GUS gene was found to extend from )51 to )9 (pE10-D4 and pE10-N2, Fig. 1 ). The presence of region ()86 to )51) upstream from basal promoter decreased GUS activity about threefold (pE10-D3 and pE10-N2, Fig. 1 ). Thus, the region ()86 to )51) harbors a negative regulatory element. The region ()160 to )86) harboring a positively acting element overcome the downregulation of negative regulatory element that resulted in an increase of GUS activity about threefold (pE10-D1 and pE10-D3). The region required for HL response of GUS activity was found to locate downstream of )51 (pE10-N2). Deletion of 5 0 UTR (pE10-N3, lacking +42 to +63) did not affect the GUS activity at LL, but decreased GUS activity at HL to about twofold when compared with that of undeleted control (pE10-N1). The 22-bp (+42 to +63) and 35-bp (+42 to +76) sequences share no significant homology and the presence of either region does not significantly affect the GUS activity (pE10-N1 and pE10-D1). Thus, the effect of 5 0 UTR deletion on GUS activity is due to its short distance rather than lacking the specific nucleotide sequence. Further deletion of the 5 0 UTR region (pE10-N4, lacking +6 to +63) decreased GUS activities at both LL and HL, but remained responsive to HL. We observed that deletion of the 5 0 UTR changes ratio of GUS activities at LL to HL. The ratios of GUS activities at LL to HL of pE10-N3 ()160 to +42) and pE10-N4 ()160 to +6) were about 1:3 and 1:9, respectively, whereas, those of other constructs were about 1:4 with the exception of those of pE10-D4 and pKGT (Fig. 1). 
Effect of regions of E10 promoter-active fragment on the level of steady-state GUS mRNA
The levels of steady-state GUS mRNA of the deletion plasmids were determined using relative RT-PCR, which were co-amplified with 16S rRNA as endogenous control. Since 16S transcript content significantly exceeded that of GUS, 16S primers were added in later cycles to achieve similar product yield for exponential phase amplification. Results in Fig. 2(a) showed that RT-PCR products of all the plasmids increased about two to threefold at HL induction with the exception of those of pE10-D4 and pKGT. Thus, the E10 promoter-active fragment responded to HL at the level of transcription. The levels of steady-state GUS mRNA of the plasmids were corresponded to their GUS activities with the exception of that of pE10-N4 (Fig. 1) . The steady-state GUS mRNA of pE10-N4 was not significantly different from that of pE10-N1, however, its GUS activity was about three times lower than that of pE10-N1 (Fig. 1) . 
The E10 light-responsive promoter identified as the promoter of ORF76 gene
In order to identify the gene regulated by the E10 promoter-active fragment, downstream sequence of the htpG gene was isolated using genomic walking method (data not shown). Analysis of the resulting nucleotide sequence revealed a possible ORF encoding 76 amino acids of an unknown protein (designated ORF76) located at the same orientation and downstream of the htpG gene (Fig. 3) .
To investigate whether the ORF76 gene was expressed and regulated by the E10 light-responsive promoter, the levels of steady-state ORF76 and GUS mRNAs of Synechococcus harboring pKG-E10 were determined using relative RT-PCR (Fig. 2(b) ). The ORF76 mRNA was transcribed from chromosomal DNA and the GUS mRNA from plasmid pKG-E10. Results showed that the steady-state mRNAs of both ORF76 and GUS genes increased about threefold at HL induction ( Fig. 2(b) ), suggesting that these two genes respond similarly to HL. Therefore, the E10 light-responsive promoter is the promoter of the ORF76 gene. Hereafter, the E10 light-responsive promoter is referred to as ORF76 promoter.
Differentiation of true transcription initiation site from processed site of ORF76 transcripts
The ORF76 gene is located at the same orientation and downstream of the htpG gene with the intergenic distance of 107 bp (Fig. 3) . In order to investigate whether the ORF76 transcript is controlled by its own promoter or by htpG promoter resulting read-through transcripts, we performed experiments to differentiate the genuine initiated transcript from processed transcript of ORF76. Fig. 4 shows the PCR products generated by amplification of ORF76 cDNA synthesized from TAP treatment and untreated total RNA. A distinct band of 200 bp was obtained in TAP-treated sample that was not detected in untreated sample (Fig. 4) , indicating the presence of true transcripts. The band of 170 bp that appeared in both TAP-treated and untreated samples (Fig. 4) indicates the presence of processed transcripts. The two PCR products from TAP-treated sample were cloned and the DNA sequences were determined. Sequencing analysis of independent clones harboring the 200-bp PCR product revealed that the true transcription initiation site (designated +1T) is located upstream of ORF76 coding sequence at A (all five clones), whereas the independent clones harboring the 170-bp PCR product revealed that the processed site (designated +1P) is located at G (+39) (all three clones) downstream of the +1T site (Fig. 3) . 
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-42 . Therefore, these results confirm that the ORF76 transcripts are transcribed from its own promoter and not the read-through transcripts from htpG gene.
The ORF76 promoter overlapping with the htpG terminator
Results in this study clearly indicate that the ORF76 promoter overlaps with the htpG terminator (Figs. 1 and  3) . To investigate how the two transcription machineries cope with the situation that the ORF76 and htpG genes are packed in promoter-terminator combination, the secondary structure of htpG/ORF76 mRNA was predicted using the computer program mfold [22, 23] . Results (Fig. 5 ) revealed a putative stem-loop structure terminator ()42 to )22) of htpG transcripts with the predicted DG value of )7.4 kcal mol À1 . The putative strong stemloop structure with the predicted DG value of )23.8 kcal mol
À1 was found at region (+1 to +44) including the true transcription initiation site and processed site of ORF76 transcripts. This strong stem-loop structure was probably a signal for processing of the 5 0 UTR of ORF76 transcripts. In addition, the putative stem-loop structure terminator (+295 to +332) of ORF76 transcripts with the predicted DG value of )5.7 kcal mol À1 was found. In order to investigate the location of 3 0 end of htpG transcript, relative RT-PCR was performed. We found that RT-PCR product of htpG/ORF76 transcripts containing region ()269 to +6) was detected at 25 cycles of amplification, whereas RT-PCR product of region ()269 to +63) or ()51 to +250) was not detectable at 25 cycles but at 35 cycles of amplification (data not shown). Therefore, major amounts of htpG transcripts contain the 3 0 end at least until position +6 and a very small amount that read through the 5 0 UTR processing site (+39) of ORF76 transcripts.
Discussion
The promoter of ORF76 gene is composed of four elements: positively acting element ()160 to )86), negative regulatory element ()86 to )51), non-E. colir 70 -like basal promoter ()51 to )9) and light-responsive element ()51 to +63) including the 5 0 UTR of the transcripts. The non-E. colir 70 -like basal promoter of ORF76 gene is in good agreement with the fact that the promoter does not function in E. coli [17] . The promoter of ORF76 gene shares no significant homology to the previously reported promoters [7] that harbor non-E. colir 70 -like basal promoters and respond to HL. It has been shown that the light-responsive elements of psbAII [9, 10] , psbAIII [9] and psbDII [11] genes are located at 5 0 UTR of the transcripts. We observed that the 5 0 UTR of ORF76 transcript harbors sequence, 5 0 -ctCGcTAAGCTGaGg-3 0 (+22 to +36), which is highly homologous to the light-responsive element of psbDII, 5 0 -AACGTTAAGCTGCGA-3 0 (+11 to +24) [11] . Deletion of the 5 0 UTR region (pE10-N4, lacking +6 to +63) did not affect the level of steady-state GUS mRNA ( Fig. 2(a) ), but decreased GUS activities at both LL and HL (Fig. 1) resulted in an increase of GUS activity ratio at LL to HL (1:9). Thus, the 5 0 UTR homologous region (+22 to +36) is not the light-responsive element of ORF76 promoter. However, the length of 5 0 UTR is essential for the HL response of the ORF76 promoter (pE10-N3 and pE10-N4, Fig. 1 ).
Downstream sequence of the htpG gene in this study is identical to part of the sequences in Acession No. AY157498 that contains a predicted ORF encoding 92 amino acids of an unknown protein (Accession No. AAN46192). This predicted ORF in the database is located at position +16 to +294 with respect to +1T in this study (Fig. 3) . However, our results show that the transcripts are processed at 5 0 UTR and the resulting processed transcripts contain a possible ORF encoding 76 amino acids located at position +64 to +294 (Fig. 3) .
The ORF76 is probably a membrane protein with a single membrane-spanning a-helix as predicted by SOSUI program [24] and could be phosphorylated by protein kinase C family, which are Ser/Thr kinases, as predicted by the GCG program (Madison, WI) (Fig. 3) . It is possible that ORF76 protein is involved in signal transduction in cyanobacteria.
The transcription initiation sites of GUS transcripts from pKG-E10 at LL and HL, previously determined using 5
0 Rapid amplification of cDNA ends PCR (5 0 RACE-PCR) method, are identical [25] and differentiated as the processed site in this study. The true transcription initiation site of GUS transcripts is not detected with the 5 0 RACE-PCR method. The processing of 5 0 UTR of ORF76 still occurred, although the sequence downstream of the stem-loop structure (+1 to +44) was replaced with the 35 bp and GUS gene (pKG-E10, Fig. 1 ) [25] . Thus, the processing of 5 0 UTR of ORF76 transcripts is based on the stem-loop structure (+1 to +44), not its downstream sequence.
The elements specifying 3 0 end formation in the htpG gene and those needed for initiation of transcription of ORF76 gene overlap. The stem-loop structure (+1 to +44) is probably a signal for processing of 5 0 UTR of ORF76 and 3 0 end of htpG transcripts. The presence of both stem-loop structure terminator ()42 to )22) and the processing signal (+1 to +44) on the htpG transcripts probably ensures efficient transcription termination. However, the 3 0 end terminator of htpG transcripts is not absolutely effective, resulting in a very small amount of htpG read-through transcripts.
The stem-loop structures immediately downstream of htpG ()42 to )22) and ORF76 (+295 to +332) coding regions, possibly involved in rho-independent transcription termination, are not followed by U-trails. In the Synechococcus PCC6803 genome, only 22.3% of genes contain putative stem-loop structure terminator downstream of coding regions. Interestingly, 55.8% of these structures are not followed by a discernible U-trail [26] .
In the genomes of Synechococcus PCC7942 [e.g. Accession No. AY157498 and U30252] and Synechocystis PCC6803 [1] , we observed several predicted ORFs have short intergenic sequences (less than 100 bp) which may result in overlapping of terminators and promoters. In addition, overlapping terminators of upstream genes and coding sequence of downstream genes were observed. The sum of the sequences coding for potential protein genes occupies 87% of the genome length [27] , implying compact arrangement of genes in Synechocystis PCC6803 genome. The observed compactness of Synechococcus PCC7942 and Synechocystis PCC6803 genomes suggests that overlapping between gene ends may be a common event for cyanobacteria.
